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HIGHLIGHTS 


•  The  electrocatalysts  for  hydrazine  oxidation  were  investigated  by  combinatorial  chemistry. 

•  The  binary  Ni0.8Zn0.2  and  Ni0.gLa0.i  showed  high  activity  for  hydrazine  electrooxidation. 

•  The  best  Ni0.8Zn0.iLa0.i  was  optimized  by  rapid  parallel  screening. 

•  XRD  analysis  indicated  that  alloying  effect  improves  the  catalytic  activity. 

•  Maximum  power  density  was  exhibited  486  mW  cm * 1  2  by  Ni0.87Zn0.i3  as  an  anode  catalyst. 
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Ni-based  catalysts,  binary  Ni-M  (with  M  =  Mn,  Fe,  Zn,  La)  and  ternary  Ni-Mn— Fe  and  Ni-Zn-La  were 
investigated  for  hydrazine  oxidation  in  direct  hydrazine  hydrate  fuel  cell  anodes  by  a  temperature 
controlled  16-channel  electrochemical  combinatorial  array.  The  binary  Ni0.8Zn0.2  and  Nio.gLao.i  catalysts 
are  significantly  more  active  than  the  Ni  reference  catalyst  for  hydrazine  oxidation.  While  the  best 
Nio.8Zno.iLao.i  ternary  catalyst  is  close  to  the  high  active  binary  catalysts  in  composition.  Additionally, 
Nio.6Feo.2Mno.2  catalysts  also  showed  high  catalytic  activity  for  hydrazine  oxidation  in  alkaline  media 
over  standard  Ni  catalyst.  The  X-ray  diffraction  (XRD)  analysis  indicated  that  the  alloying  effect  between 
Ni  and  added  elements  improves  the  catalytic  activity  for  hydrazine  oxidation.  As  a  result  of  the 
screening  tests  and  our  previous  research,  unsupported  binary  Ni0.87Zn0.i3  and  Ni0.gLa0.i  catalysts  were 
synthesized  by  spray  pyrolysis  and  tested  in  a  direct  hydrazine  hydrate  fuel  cell  MEA  (DHFC)  producing 
486  mW  cm-2  and  459  mW  cm-2,  respectively. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  liquid  fuel  cells,  such  as  the  methanol,  ethanol,  borohy- 
dride,  formic  acid  and  hydrazine  hydrate  systems,  are  attractive 
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candidates  for  electronics  applications,  because  of  their  high  energy 
density.  Especially,  direct  methanol  fuel  cells  (DMFCs)  have  been 
under  intensive  research  within  the  last  20  years  for  portable 
electronics  applications  such  as  mobile  phones,  mp3  players  and 
notebooks.  However,  to  become  commercially  viable  DMFCs  have 
to  overcome  cost  and  availability  barriers  caused  by  the  reliance  on 
Pt  and  Pt-based  catalysts  in  both  anode  and  cathode  electrodes. 
Moreover,  methanol  permeation  from  anode  to  cathode  through 
membranes,  significantly  decreasing  the  FC  performance  and 
durability.  Direct  hydrazine  hydrate  fuel  cells  (DHFCs)  have  been 
also  studied  since  the  1960s  [1-3].  In  Japan,  the  Governmental 
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Industrial  Research  Institute,  Osaka  (GIRIO),  Panasonic  and  Dai¬ 
hatsu  Motor  Co.  Ltd.  produced  an  alkaline  type  hydrazine-air  fuel 
cell  vehicle  experimentally  in  1972,  and  driving  tests  were  carried 
out  [4].  Recent  developments  in  DHFCs  technology  have  led  to  full- 
sized  demonstration  indicating  their  feasibility  and  promise  in 
future  fuel  cell  vehicles  [5—8].  Therefore  hydrazine  electro¬ 
oxidation  electrodes  and  reaction  mechanism  have  been  under 
intensive  study  until  today  [9-17].  Much  considerable  effort  has 
been  devoted  to  enhancing  the  performance  of  new  electro¬ 
catalysts  for  hydrazine  electrooxidation  for  DHFCs  [12,18-25].  Va¬ 
riety  Ni-based  binary  catalysts  were  shown  to  improve  hydrazine 
oxidation  efficiently  though  alloying  effects  [26-33].  These 
improved  performance  levels  motivated  us  to  further  study  Ni- 
based  binary  and  ternary  catalysts  for  use  in  DHFCs. 

The  characteristic  of  combinatorial  chemistry  in  the  material 
R&D  of  drug  discovery  research  has  been  known  as  a  high- 
throughput  screening  and  optimization  of  functional  materials 
since  the  1990s.  In  order  to  accelerate  the  catalyst  development 
for  the  increasing  demand  on  the  fuel  cell  technology,  combina¬ 
torial  chemistry  has  been  also  attempted  to  adopt  in  the  electro¬ 
catalyst  development  for  fuel  cells  since  1998  [34-42]. 

Furthermore,  various  high  throughput  electrocatalyst  screening 
methods  have  been  reported  including  optical  screening  [34,43], 
scanning  electrochemical  microscopy  [44],  multi-electrode  half¬ 
cell  [45-47],  and  multi-electrode  full  cell  [48].  In  this  study,  car¬ 
bon  supported  binary  Ni— M  (with  M  =  Mn,  Fe,  Zn,  La)  and  ternary 
Ni-Mn— Fe  and  Ni-Zn-La  catalysts  were  synthesized  using 
impregnation/freeze-drying  procedure.  All  prepared  79  samples 
were  evaluated  in  their  catalytic  activity  using  the  temperature 
controlled  (4  x  4)  16-channel  electrochemical  combinatorial  array 
for  hydrazine  oxidation  in  alkaline  media  for  rapid  parallel 
screening. 
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Fig.  1.  Schematics  of  a  variable  temperature  16-channel  combinatorial  electrochemical 
screening  array  cell,  (a)  Cross-sectional  view  of  the  screening  cell  with  individual 
chambers,  electrolyte,  reference  electrode,  counter  electrode,  and  working  electrode, 
(b)  top  view  of  GC  working  electrode  array,  (c)  cross-sectional  view  of  electrode 
showing  the  use  of  pin  connector  to  connect  the  potentiostat  to  the  bottom  of  GC 
electrode. 


2.2.  Catalyst  synthesis 


2.  Experimental 

2.1.  Temperature  controlled  16-channel  electrochemical 
combinatorial  array  and  fabrication 

Fig.  1  shows  the  modified  16-channel  electrochemical  combi¬ 
natorial  array  that  allows  temperature  control  of  the  electro¬ 
chemical  cells  using  a  water  bath.  The  device  is  based  on  an  array 
previously  developed  by  K.C.  Neyerlin  et  al.  [45].  The  equipment  is 
used  for  the  catalyst  screening  at  a  temperature  close  to  the 
operating  temperature  of  DHFCs.  Fig.  la  shows  a  side  view  of  four 
array  chambers,  machined  out  of  polyvinylidene  fluoride  (PVDF), 
with  their  independent  reference  Zn/ZnO  electrodes  and  Pt 
counter  electrodes.  Each  of  the  16  counter  and  reference  elec¬ 
trodes  were  connected  to  a  circuit  board,  which  was  then  con¬ 
nected  to  the  multi-channel  potentiostat  (1470E,  Solartron 
Analytical).  The  top  sections  of  the  array,  the  PVDF  chambers,  and 
the  circuit  board  are  removable  to  enable  easy  catalyst  dispensing 
onto  and  cleaning  of  the  grassy  carbon  (GC)  electrodes.  The  GC 
electrodes  are  polished  with  alumina  paste.  The  bottom  of  each 
polyetheretherketone  (PEEK)  chamber  was  sealed  with  an  O-ring 
to  prevent  any  electrolyte  and  water  leakage.  Prior  to  the  attach¬ 
ment  of  the  circuit  board  onto  the  PVDF,  a  separate  16-tube  par¬ 
allel  bubbler  attachment  was  used  to  purge  the  array  with 
nitrogen;  the  flow  of  gas  was  then  switched  to  “blanketing”  in  a 
fashion  similar  to  that  of  a  traditional  rotating  disk  electrode 
setup.  Fig.  lb  shows  a  top  down  view  of  a  4  x  4  array  of  GC  disks 
each  having  an  active  area  of  0.785  cm2  (10  mm  diameter)  sealed 
in  PEEK.  Fig.  lc  displays  the  side  view  of  one  of  the  cells.  Gold  pin 
connectors  are  used  in  order  to  provide  electrical  contact  between 
the  GC  disks  and  the  wire  harness  connection  to  the  multi-channel 
potentiostat. 


2.2.1.  Impregnation/ freeze- drying  procedure  for  the  catalyst 
screening 

The  carbon  supported  binary  and  ternary  catalyst  libraries  were 
synthesized  using  an  impregnation/freeze-drying  procedure  fol¬ 
lowed  by  thermal  annealing  for  the  screening  test.  The  reference 
catalysts  such  as  Ni/C,  Mn/C,  Fe/C,  Zn/C,  and  La/C  were  prepared  by 
the  same  method.  All  catalysts  samples  contained  23  wt%  total 
metal  on  carbon  support.  First,  aqueous  metal  nitrate  solutions 
(Kishida  Chemical)  dissolved  in  deionized  water  (>18.2  MQ  cm, 
Millipore  Direct-Q3  UV  Water  Purification  System,  Millipore)  were 
impregnated  with  carbon  black  (ECP600JD,  Lion  Corp.)  by  a  robotic 
liquid  dispenser  (Model  GX271,  Gilson)  utilized  to  pipette  the 
desired  amount  of  metal  solution.  Slurries  were  sonicated  for  5  min 
and  the  impregnated  catalysts  were  then  immersed  in  liquid  N2. 
The  cooled  slurries  were  freeze-dried  under  a  moderate  vacuum 
(0.055  mbar,  FreeZone,  Labconco)  over  40  h.  All  catalysts  were 
prepared  in  10  mL  quartz  vials.  Reduction  of  metal  precursors  to  the 
zero-valent  state  on  the  carbon  support  was  thermally  driven  un¬ 
der  a  reductive  H2  atmosphere  (10%  H2,  balance  Ar)  at  250  °C  for 
2.5  h  using  a  tube  furnace.  Final  thermal  annealing  was  performed 
immediately  after  the  reduction  step  at  800  °C  for  5  h  in  10%  H2  in 
Ar.  The  catalysts  including  Zn  such  as  Zn/C,  Ni— Zn/C,  and  Ni— Zn— 
La/C  were  annealed  at  400  °C  for  5  h  in  the  final  reduction  to 
prevent  the  sublimation  of  Zn. 

2.2.2.  Spray  pyrolysis  for  MEA  anode  catalyst 

Synthesis  of  unsupported  Nio.87Zno.13  and  Nio.gLa0.i  catalysts 
were  achieved  using  spray  pyrolysis  following  a  previously  re¬ 
ported  approach  [26,27].  Metal  nitrates  (Ni,  Zn,  and  La)  (Sigma- 
Aldrich  Co.)  were  dissolved  in  10%  HNO3  solution  to  a  final  con¬ 
centration  of  5%  of  specific  stoichiometric  ratios.  The  dissolved 
bimetallic  solution  was  atomized  (Model  3076,  TSI  Inc.)  and 
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pyrolyzed  through  a  furnace  at  700  °C  using  N2  as  the  carrier  gas. 
Pyrolyzed  particles  were  collected  on  a  Teflon  filter  and  air  dried. 
Alloys  were  formed  by  reduction  of  the  oxide  powders  under  5%  H2 
in  N2  at  500  °C. 


and  a  current  of  450  mA.  26  diffraction  angles  ranged  from  10°  to 
110°  at  5°  min-1. 

3.  Results  and  discussion 


2.3.  Evaluation  of  catalytic  activity 

23 A.  Electrochemical  measurement  using  a  (4  x  4)  16-channel 
electrochemical  electrode  array 

Catalyst  inks  were  prepared  in  the  following  manner.  A 10  mg  of 
the  desired  catalyst  was  combined  with  7.5  mL  of  DI  water,  1.5  mL  of 
isopropanol,  0.46  mL  of  THF  and  0.04  mL  of  a  5  wt%  anionic  ionomer 
solution  (A3,  Tokuyama).  The  ink  was  then  sonicated  during  15  min. 
After  sonication,  a  0.04  mL  of  the  ink  was  applied  onto  the  GC 
electrode,  resulting  in  a  loading  of  0.054  mg  cm-2.  The  entire  array 
was  then  left  to  dry  for  at  least  1  h. 

A  (4  x  4)  16-channel  electrochemical  combinatorial  array  for 
parallel  testing  of  prepared  electrocatalysts  was  utilized  in  this 
study.  The  array  consisted  of  mirror  polished  glassy  carbon  working 
electrodes  where  the  different  catalyst  materials  were  applied. 
Each  of  these  electrodes  was  in  contact  with  independent  samples 
of  the  testing  solution,  and  independently  controlled  by  the  multi- 
potentiostat.  Due  to  the  use  of  strong  alkaline  media,  a  Zn/ZnO 
quasi  reference  electrode  was  utilized  instead  of  the  conventional 
Hg/HgO  reference  electrode.  The  reference  electrode  consisted  in  a 
Zn  wire  immersed  in  1.0  M  KOH  solution.  The  Zn/ZnO  electrode  was 
calibrated  using  a  reversible  hydrogen  electrode  (RHE).  A  Pt  wire 
served  as  counter  electrode.  All  potentials  presented  and  discussed 
here  are  reported  against  a  RHE  at  pH  14.  Experiments  were  per¬ 
formed  at  60  °C. 

2.3.2.  Measurement  of  DHFCs 

A  100  mg  of  the  catalyst  was  combined  with  0.96  mL  of  iso¬ 
propanol,  0.24  mL  of  THF  and  0.2  mL  of  a  5  wt%  anionic  ionomer 
solution  (A3,  Tokuyama).  The  ink  was  then  sonicated  5  min.  After 
sonication,  Zr02  beads  (Diameter  =  2.0  mm,  Nikkato)  were  added 
and  the  mixture  was  agitated  for  15  min.  The  prepared  ink  was 
directly  sprayed  onto  an  anionic  electrolyte  membrane  (A201, 
Tokuyama).  Co-PPY-C  (PPY:  polypyrrole)  cathode  catalyst  was 
formed  into  an  electrode  using  a  similar  method  to  that  for  the 
anode.  The  membrane  was  then  pressed  for  5  min  at  room  tem¬ 
perature  to  bind  the  catalyst  layers  to  the  membrane.  The  mem¬ 
brane  was  then  immersed  in  1.0  M  KOH  solution  for  8  h  in  order  to 
exchange  the  anions  to  OH-. 

The  prepared  MEA,  with  a  round  shaped  working  electrode  area 
of  1  cm2,  was  inserted  in  a  single  cell  to  measure  the  cell  perfor¬ 
mance.  The  fuel  (1.0  M  KOH  +  20%  N2H4-H20)  was  supplied  to  the 
anode  at  a  flow  rate  of  2  ml  min-1,  and  air  gas  humidified  at  50  °C 
was  supplied  to  the  cathode  at  the  flow  rate  of  500  ml  min-1.  The 
applied  shape  of  the  flow-fields  was  serpentine  for  the  anode  and 
comb-shaped  for  the  cathode.  The  cell  temperature  was  controlled 
at  80  °C.  The  differential  operating  pressures  on  anode  side  was 
10  kPa  and  cathode  side  was  60  kPa. 


2.4.  Characterization  of  catalysts 

Field  emission  scanning  electron  microscope  (FE-SEM,  SU8020, 
Hitachi  High-Technologies  Corporation)  and  energy  dispersive  X- 
ray  spectroscopy  (EDX,  X-Max  80,  HORIBA  Ltd.)  with  the  voltage 
acceleration  of  15  kV  were  performed  to  analyze  catalyst 
morphology  and  composition  without  any  deposition  on  the  cata¬ 
lyst  surface.  The  crystal  structures  of  the  prepared  catalysts  were 
examined  using  the  6—26  X-ray  diffraction  (XRD,  RINT  2000, 
Rigaku)  with  the  Cu  Ka  source  of  operating  at  a  potential  of  40  kV 


3 A.  Evaluation  of  catalytic  activity  of  binary  libraries  for  hydrazine 
oxidation 


The  linear  sweep  voltammetry  (LSV)  profiles  of  binary  catalyst 
libraries  are  shown  in  Fig.  2.  A  16-channel  electrochemical  combi¬ 
natorial  array  was  used  to  evaluate  the  catalytic  activity  for  hydra¬ 
zine  oxidation  from  -0.129  V  to  0.221  V  vs.  RHE  in  1  M  KOH  +  1  M 
hydrazine  hydrate  electrolyte  at  60  °C.  The  onset  potential  is  defined 
as  the  potential  at  10.9  A  g-1,  and  mass  activity  is  defined  as  the 
current  per  unit  total  metal  weight  at  0.221  V  vs.  RHE.  The  anodic 
peaks  in  the  potential  range  from  0  V  to  0.221  V  vs.  RHE  are  ascribed 
to  hydrazine  oxidation  as  shown  in  Fig.  2.  The  inset  figure  in  each 
figure  also  clearly  shows  onset  potentials  of  each  catalyst  for  hy¬ 
drazine  oxidation.  The  LSV  profiles  of  Ni— La /C  catalyst  library  were 
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Fig.  2.  LSV  profiles  of  carbon  supported  binary  catalysts  at  scanning  rate  of  20  mV  s_1. 
(a)  Ni-Mn/C  catalyst  library,  (b)  Ni-Fe/C,  (c)  Ni-Zn/C.  The  LSV  profiles  of  Ni-La/C 
catalyst  library  were  described  in  the  previous  report  of  Ref.  [33]. 
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Fig.  3.  SEM  images  of  prepared  catalysts,  (a)  Ni/C,  (b)  Nio.sMno.s/C,  (c)  Ni0.7Fe0.3/C,  (d)  Nio.4Zn0.6 /C. 

described  in  a  previous  report  [33].  Fe/C,  Mn/C,  Zn/C,  and  La/C  have 
no  catalytic  activity  for  hydrazine  oxidation  in  this  potential  range. 
However  the  catalytic  activity  of  Ni/C  for  hydrazine  oxidation  is 
improved  by  the  addition  of  these  elements  as  shown  in  Fig.  2.  The 
mass  activity  of  Ni0.5Mn0.5/C,  Ni0.7Feo.3/C,  Nio.4Zn0.6 /C,  and  Nio.gLao.i/ 
C  was  higher  in  each  binary  library.  H.  Yang  et  al.  reported  on  the 
activity  of  Ni-Fe  catalysts  with  stoichiometries  from  Nio.55Feo.45  to 
Nio.95Feo.05  supported  on  multi  wall  carbon  nanotubes  (Ni-Fe/ 
MWCNTs)  synthesized  by  pulse  reversal  plating  compared  to  the 
pure  Ni/MWCNTs  and  Fe/MWCNTs  in  Ar-saturated  0.1  M  hydrazine 
hydrate-0.015  M  KOH-1  M  NaCl  solution  [32].  This  study  finds 
Nio.85Feo.15/MWCNTs  as  the  most  active  catalyst  with  a  maximum 
mass  activity  of  1650  A  g-1  at  -0.45  V  (vs.  RHE)  and  an  onset  po¬ 
tential  of  -0.8  V.  The  catalysts  with  stoichiometries  from 
Nio.70Feo.30/MWCNTs  to  Nio.95Feo.05/MWCNTs  improve  the  catalytic 


activity  for  hydrazine  oxidation  against  pure  Ni/MWCNTs.  Similar 
active  permutation  of  mass  activity  is  observed  for  the  catalysts  from 
Ni0.6Feo.4/C  to  Ni0.8Feo.2 /C  prepared  by  impregnation/freeze-drying 
procedure  as  shown  in  Fig.  2b.  The  onset  potentials  of  the 
described  above  active  binary  catalysts  are  also  shifted  toward  lower 
potential  than  Ni/C.  Especially,  the  onset  potential  of  Nio.8Zno.2/C  and 
Nio.gLao.i /C  are  drastically  shifted  when  compared  with  Ni/C  as 
shown  in  each  inset  figure.  U.  Martinez  et  al.  reported  on  the  activity 
and  mechanism  of  unsupported  Ni-Zn  catalysts  synthesized  by 
spray  pyrolysis  [27].  Nio.87Zno.13  shows  a  better  activity  near  the 
onset  potential  than  Nio.33Zno.67,  Nio.50Zno.50,  and  pure  Ni.  Similar 
performance  is  observed  for  Nio.8Zn0.2 /C  catalyst  as  shown  in  Fig.  2c. 
The  onset  potential  is  more  representative  of  catalyst  intrinsic  per¬ 
formance,  because  the  overpotential  of  catalysts  depends  on  elec¬ 
trochemical  reaction  potential  between  catalysts  and  hydrazine. 
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3.2.  FE-SEM  analysis 

Fig.  3  shows  SEM  micrographs  of  Ni/C,  Nio.sMno.s/C,  NiojFeo.3 /C, 
and  Nio.4Zn0.6 /C  to  analyze  the  relationship  between  metal  particle 
sizes  and  mass  activities.  These  binary  catalysts  have  the  highest 
mass  activity  in  each  binary  library  as  shown  in  Fig.  2.  The  sec¬ 
ondary  electron  (SE)  images  show  the  catalyst  morphology  and 
backscattered  electron  (BSE)  images  are  used  to  detect  contrast 
between  areas  with  different  chemical  compositions.  The  similar 
morphology  of  prepared  catalysts  was  observed  in  SE  images  of 
Fig.  3.  The  contrast  in  BSE  images  of  Fig.  3  indicates  the  metal 
particle  on  the  carbon  support  of  prepared  catalysts.  Highly 
dispersive  metal  particles  on  the  carbon  support  are  observed  as 
shown  in  BSE  images  of  Fig.  3.  The  diameters  of  metal  particles  in 
Ni/C  and  Nio.sMno.s/C  were  approximately  estimated  from  20  to 
30  nm  in  BSE  images  of  Fig.  3a  and  b.  The  diameter  of  metal  par¬ 
ticles  in  Nio.gLao.i/C  was  confirmed  to  be  similar  to  the  metal  par¬ 
ticles  in  Ni/C  as  shown  in  a  previous  research  [33].  The 
agglomerated  metal  particles  from  50  to  100  nm  were  observed  in 
Nio.4Zno.6/C  as  shown  in  Fig.  3d.  The  mass  activities  of  Nio.sMno.s/C, 
Nio.gLao.i/C,  and  Ni0.4Zn0.6/C  were  increased  through  the  intrinsic 
electrochemical  activity.  Meanwhile  the  Nio.7Feo.3 /C  has  smaller 
metal  particles  than  metal  particles  in  Ni/C,  and  they  were  exam¬ 
ined  10  nm  from  BSE  image  in  Fig.  3c.  The  high  mass  activity  of 
Nio.7Feo.3 /C  for  hydrazine  oxidation  is  supported  to  be  due  to  both 
intrinsic  electrochemical  activity  and  surface  area. 

Table  1  shows  the  atomic  ratio  of  Nio.sMno .5/C,  Nio.7Feo.3/C,  and 
Nio.4Zn0.6 /C  to  investigate  the  chemical  composition  of  each  binary 
catalyst  in  the  entire  view  range  of  three  different  areas  at  x  50.0  k 
by  EDX.  The  average  composition  well  agrees  with  the  starting 
values  used  for  the  preparation.  The  binary  catalysts  were  prepared 
with  well-controlled  alloy  composition  using  an  impregnation/ 
freeze-drying  procedure  followed  by  thermal  annealing. 

3.3.  Optimization  of  catalysts  for  hydrazine  oxidation  using 
combinatorial  chemistry 

The  activity-composition  map  of  onset  potential  for  hydrazine 
oxidation  of  Ni-Mn— Fe/C  and  Ni-Zn— La/C  including  binary  cata¬ 
lyst  library  and  reference  catalysts  are  shown  in  Fig.  4.  The  catalyst 
activity  was  represented  with  circles  showing  tones  from  white  to 
black.  Ni/C  catalyst  as  a  reference  material  was  shown  in  white 
color,  and  the  catalysts  which  have  lower  catalytic  activity  (higher 
the  onset  potential)  than  Ni/C  were  also  shown  in  white  color.  The 
high  active  materials  in  the  ternary  catalyst  libraries  for  hydrazine 
oxidation  are  confirmed  in  the  proximity  of  active  composition  of 
the  binary  catalyst  library  as  shown  by  the  dotted  circles  of  Fig.  4. 
Nio.6Mno.2Feo.2/C  and  Nio.sZno.iLao.i/C  catalysts  showed  the  highest 
hydrazine  electrooxidation  activity  at  each  composition  region  as 
shown  in  Fig.  4a  and  b,  respectively.  These  catalysts  constitute  a 
promising  new  candidate  with  enhanced  activity  at  DFIFC  anodes. 
Such  activity  maps  conveniently  facilitate  the  selection  of  a  suitable 
catalyst  candidate  for  hydrazine  oxidation.  Compared  to  a  Ni/C 
catalyst,  the  optimized  ternary  catalysts,  Ni0.6Mn0.2Feo.2/C  and 
Nio.sZno.iLao.i/C,  were  able  to  oxidize  the  hydrazine  in  alkaline 


Table  1 

Atomic  ratio  of  Ni0.5Mn0 .5/C,  Ni0.7Fe0.3/C,  and  Ni0.4Zn0.6/C. 


Catalyst 

Average  atomic 
ratio  (%) 

Standard 

deviation 

Ni  K  Mn  K 

Fe  K 

Zn  K 

Ni  K  Mn  K 

Fe  K 

Zn  K 

Nio.sMno.s/C 

Nio.yFeas/C 

Nio.4Zno.6/C 

54.8  45.2 

72.8 

38.2 

27.2 

51.8 

0.1  0.1 

0.6 

0.8 

0.6 

0.8 

(a)  Mn 


(b)  Zn 


Fig.  4.  Activity-composition  map  of  onset  potential  of  carbon  supported  ternary 
catalyst  library  (1  M  KOH  + 1  M  hydrazine  hydrate),  (a)  Ni-Mn-F e/C,  (b)  Ni-La-Zn/C. 
Both  maps  encode  activity  by  color  from  black  to  white.  Ni/C  catalyst  as  a  reference  was 
exhibited  white  color,  and  catalysts  that  have  lower  activity  than  Ni/C  were  also  shown 
white  color. 

media  at  lower  potential.  In  Ni-based  binary  system,  addition  of  Zn 
and  La  for  ranges  from  10  to  20  at%  in  Ni  is  effective  for  hydrazine 
oxidation.  Moreover,  the  addition  of  Fe— Mn  and  Zn— La  for  ranges 
from  20  to  40  at%  is  significantly  effective  for  the  improvement  of 
the  electrocatalytic  activity  for  hydrazine  oxidation. 

3.4.  MEA  performances 

From  the  results  of  the  optimization  of  ternary  catalysts  by 
combinatorial  chemistry,  Nio.6Feo.2Mno.2/C  and  Nio.sZno.iLao.i/C 
catalysts  were  used  as  an  anode  catalyst  for  DFIFCs,  together  with 
Ni/C  reference  catalyst  for  comparison  as  shown  in  Fig.  5a.  Co-PPY- 
C  (PPY:  polypyrrole)  was  used  as  a  cathode  catalyst.  Error  bars  in 
Fig.  5  exhibit  the  standard  deviation  to  discuss  the  significant  dif¬ 
ference  of  prepared  catalysts  against  reference  Ni  catalyst.  Power 
density  of  the  cell  using  Ni0.8Zn0.iLao.i/C  and  Ni0.6Feo.2Mn0.2/C 
catalysts  reached  to  211  mW  cm-2  and  224  mW  cm-2  respectively 
that  were  higher  than  that  of  the  cell  using  Ni/C  reference  catalyst 
as  shown  in  Fig.  5a.  The  open  circuit  voltage  (OCV)  of  0.734  V  and 
0.715  V  were  achieved  when  cell  was  operated  at  80  °C  using 
Ni0.8Zn0.iLao.i/C  and  Ni0.6Feo.2Mno.2/C  catalysts  respectively. 
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Fig.  5.  Cell  performances  of  DHFC.  (a)  Ni/C,  Nio.sZno.iLao.i/C,  and  Nio.6Mno.2Feo.2/C 
catalysts  as  an  anode,  (b)  unsupported  Ni,  Nio.gLao.i  and  Nio.s7Zno.13  catalysts  as  an 
anode. 


Optimized  ternary  catalysts  by  combinatorial  chemistry  contrib¬ 
uted  to  improve  the  cell  performance  of  DHFCs. 

From  the  results  of  binary  catalyst  studied  in  our  previous 
research  [27]  and  binary  catalyst  survey  using  combinatorial 
chemistry,  unsupported  Nio.87Zno.13  and  Nio.gLao.i  catalysts  which 
were  synthesized  by  spray  pyrolysis  were  considered  as  an  anode 
catalyst  for  DHFCs.  Fig.  5b  shows  the  cell  performances  of  DHFCs 
using  unsupported  Nio.87Zno.13  and  Nio.gLao.i  as  an  anode  catalyst, 
together  with  conventional  Ni  catalyst  (210H,  INCO)  as  a  reference 
catalyst.  The  cell  performance  of  DHFCs  was  increased  by  using 
unsupported  Ni  catalyst  compared  with  Ni/C.  These  results  suggest 
that  the  design  of  anode  catalyst  layer  affects  the  cell  performance 
of  DHFCs.  There  is  the  significant  difference  of  cell  performances  of 
DHFCs  between  unsupported  binary  catalysts  and  pure  Ni  catalyst 
as  shown  in  error  bars  of  each  catalyst  in  Fig.  5b.  The  DHFCs  showed 
high  performance  without  precious  metal  catalysts  on  either  anode 
or  cathode,  as  shown  in  Fig.  4.  When  Ni,  Nio.87Zno.13,  and  Nio.gLao.i 
were  used  as  an  anode  catalyst  in  DHFCs,  their  OCV  were  observed 
as  0.744  V,  0.777  V,  and  0.758  V,  respectively.  The  difference  in 
observed  OCV  between  Nio.87Zno.13,  Nio.gLao.i,  and  Ni  relate  to  the 
improved  onset  potential  for  hydrazine  oxidation  when  Zn  (or  La)  is 
added  to  Ni.  The  maximum  power  density  for  Nio.87Zno.13  and 
Nio.gLao.i  are  486  mW  cm-2  and  459  mW  cm-2  respectively,  which 
are  21%  and  14%  higher  than  the  401  mW  cm-2  obtained  for  the 
pure  Ni  catalyst.  The  improved  performance  of  the  unsupported 
Nio.87Zno.13  and  Nio.gLao.i  catalysts  when  compared  to  the  Ni  con¬ 
firms  the  results  of  the  carbon  supported  Nii_xZnx  and  Nii_xLax 
(0.1  <  x  <  0.9)  catalysts  where  the  Nio.8Zn0.2 /C  and  Ni0.gLao.i/C 
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Fig.  6.  XRD  spectra  of  ternary  library  to  compare  between  active  catalysts  and  inactive 
catalysts  together  with  Ni/C  as  a  reference  catalyst,  (a)  Ni-Mn-Fe/C,  (b)  Ni— Zn— La/C. 


formulations  were  the  best  performing  anode  catalysts  in  the  Ni- 
based  binary  system  for  DHFCs. 

3.5.  XRD  analysis 

XRD  analysis  was  performed  to  obtain  and  compare  insights  on 
the  crystal  structure  between  the  ternary  most  active  catalysts 
(Nio.6Mno.2Feo.2/C  and  Nio.sZno.iLao.i/C)  and  the  lowest  activity 
catalysts  (Nio.iMno.4Feo.5/C  and  Ni0.iZn0.4Lao.5/C)  for  hydrazine 
oxidation  together  with  a  reference  Ni/C  catalyst  as  shown  in  Fig.  6. 
Fig.  6a  shows  the  XRD  spectra  of  the  Ni-Mn-Fe/C  catalysts  to 
compare  Ni/C.  Almost  all  diffraction  peaks  of  the  reference  Ni/C 
catalyst  were  attributed  to  the  fee  Ni  with  PDF-04-0850.  The  broad 
peak  near  the  60°  observed  in  Ni/C  is  attributed  to  Ni-oxide  or  the 
carbon  support.  The  diffraction  peaks  from  fee  MnO  with  PDF-07- 
0230  were  clearly  observed  in  Ni0.iMn0.4Feo.5/C.  In  the 
Nio.6Mno.2Feo.2/C  catalyst,  X-ray  intensity  from  MnO  was  lower  than 
that  in  Ni0.iMn0.4Fe0.5/C.  The  diffraction  peaks  of  Ni0.iMn0.4Fe0.5/C 
at  20  values  of  43.6°,  50.8°,  and  74.7°  can  be  assigned  to  the  (111), 
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(200),  and  (220)  crystal  planes  of  the  fee  Ni-Fe  alloy  with  PDF-47- 
1405.  Meanwhile,  the  diffraction  peaks  except  for  MnO  in 
Nio.6Mno.2Feo.2/C  slightly  downward  shifted  from  26  values  fee  Ni- 
Fe  alloy  in  Ni0.iMn0.4Feo.5/C  is  due  to  the  incorporation  of  Mn.  This 
peak  shift  in  Nio.6Mno.2Feo.2/C  due  to  the  random  substitution  of  Ni 
or  Fe  atoms  with  Mn  atoms  while  retaining  the  fee  Ni— Fe  crystal 
structure.  Although  the  crystal  structure  is  maintained,  lattice 
spacing  changes  due  to  the  difference  in  atomic  size  causes  a  shift 
in  the  XRD  spectrum. 

Fig.  6b  shows  the  XRD  spectra  of  Ni-Zn-La/C  and  Ni/C  cata¬ 
lysts  for  comparison.  The  diffraction  peaks  from  hep  ZnO  with 
PDF-36-1451  were  confirmed  in  Ni0.iZn0.4Lao.5/C.  Flowever,  the 
diffraction  peaks  for  La-oxide  were  not  observed  in  both 
Ni0.iZn0.4Lao.5/C  and  Nio.sZno.iLao.i /C  catalysts,  either  because  the 
La  is  amorphous  or  the  oxide  particles,  which  have  low  X-ray  cross 
sections,  are  too  small  to  be  detected  by  XRD  [33].  The  broad 
diffraction  peaks  from  40°  to  48°  were  observed  in  both 
Ni0.iZn0.4La0.5/C  and  Ni0.8Zn0.iLa0.i/C  catalysts  due  to  a  component 
of  amorphous  fee  Ni  structure  with  lower  annealing  temperature 
at  400  °C  to  prevent  the  sublimation  of  Zn  from  samples.  The 
maximum  of  these  broad  peaks  is  shifted  toward  lower  26  values 
more  than  the  44.5°  in  Ni/C  case.  Therefore  another  possible  cause 
of  peak  broadening  might  be  the  existence  of  two-phase  crystal 
structures  for  the  fee  Ni  and  Ni— Zn— La  alloy.  Ni-Zn— La  alloy  in 
Nio.sZno.iLao.i/C  were  supposed  to  form  the  alloy  retaining  a  fee  Ni 
structure  due  to  the  Ni  rich  composition. 

The  active  catalysts  for  hydrazine  oxidation  showed  predomi¬ 
nantly  the  fee  Ni-based  alloy  structure  type  according  to  the  XRD 
results,  with  optimal  activity  for  compositions  near  Ni0.6Mn0.2Fe0.2 
and  Nio.sZno.iLao.i.  The  reason  for  a  better  catalytic  activity  for  hy¬ 
drazine  oxidation  of  Ni0.6Mn0.2Feo.2/C  and  Nio.sZno.iLao.i /C  is 
related  with  the  Ni  alloying  with  added  elements  such  as  Fe,  Mn, 
Zn,  and  La.  These  metals  intrinsically  modify  the  catalytic  activity  of 
Ni  by  an  alloying  effect. 

4.  Conclusions 

Ni-based  binary  and  ternary  systems  have  been  explored  for  the 
electrocatalytic  hydrazine  oxidation  by  using  combinatorial 
chemistry.  Ni-based  anode  catalyst  for  hydrazine  electrooxidation 
showed  improved  catalytic  activity  by  addition  of  Zn,  La,  Mn,  and 
Fe.  Nio.8Zno.2 /C  and  Nio.gLao.i/C  were  able  to  oxidize  the  hydrazine 
at  lowest  potential  in  the  binary  library.  In  ternary  libraries, 
Nio.6Mno.2Feo.2/C  and  Nio.sZno.iLao.i /C  also  exhibited  effective  cat¬ 
alytic  activity  for  hydrazine  oxidation.  Unsupported  binary 
Nio.87Zno.13  and  Nio.gLao.i  catalysts  showed  486  mW  cm-2  and 
459  mW  cm-2  respectively  for  MEA  performances  in  a  DFIFC.  XRD 
analysis  showed  that  fee  Ni-based  alloy  structure  type  increases  the 
catalytic  activity  of  Ni  by  an  alloying  effect.  Combinatorial  chem¬ 
istry  was  a  useful  procedure  to  accelerate  and  optimize  the  elec¬ 
trocatalyst  discovery  for  DFIFCs. 
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